Introduction
The seminal discovery about perinatal hypoxia-ischemia (HI) in the last century was that although some brain injury can occur during a sufficiently prolonged/severe episode of HI, in many cases damage actually continued to evolve for hours after resuscitation, during the recovery period. 1, 2 This evolution offered the tantalizing prospect that there might be a 'window of opportunity' to provide treatment to reduce or prevent injury. This potential has been confirmed by the finding that hypothermia can significantly reduce neurodevelopmental disability in infants with acute moderate-severe HI encephalopathy (HIE) at birth (e.g. as highlighted by the systematic meta-analysis by P.S. Shah in this issue of Seminars and by Edwards et al. 3 ). However, these data also clearly show both that protection is only partial, so that many infants still die or have disabilities at 18 months of age. Conversely, approximately a third or more of infants receiving conventional normothermic care in the major trials survived without severe disability. [4] [5] [6] Clearly, this is not an ideal base from which to further improve outcomes. As for any active intervention, all parents and clinicians would greatly prefer to deliver therapeutic hypothermia only to infants who would benefit from it. Even more importantly, the implication for future studies of improved treatment strategies is that the combination of limited precision plus the reduced rate of adverse outcome with current hypothermic treatment markedly reduces trial power, and so we will need trials that are at least an order of magnitude larger than previous randomized trials of hypothermia against normothermia. 7 Thus, it will be important to more precisely target infants who will go to develop clinically significant injury without treatment and determine whether they are 'treatable', i.e. whether they are likely to benefit from hypothermia or other interventions. A further hindrance to progress is that currently several years are needed after treatment before neurodevelopmental outcome can be evaluated.
These considerations show why better 'biomarkers', biological markers to better quantify the severity of the initial HI insult, and to rapidly determine prognosis before treatment (risk of bad outcome) and then after treatment (valid early surrogates for long term neurodevelopmental outcome) would be of huge benefit for further trials. Even better would be a biomarker for the biological processes involved in the evolving brain injury, since this would both allow us to identify infants who were 'treatable', and to provide immediate feedback on whether the intervention was modifying the course of injury.
This chapter dissects the evidence for some of biomarkers already in use and the potential of novel biomarkers to contribute to refinement of therapeutic hypothermia for treatment of infants after HI at birth. We will particularly focus on their potential to answer the central questions: (1) Will the insult cause injury: (2) Are we still in time to treat? The potential for biomarkers such as magnetic resonance imaging (MRI) and electroencephalogram (EEG) to provide robust surrogate outcomes is addressed in detail by others in this issue of Seminars (D. Azzopardi and A.D. Edwards, and M. Thoresen, respectively).
Timing: why is it so critical?
Experimental and clinical studies have shown that while brain cells may die during a sufficiently profound or prolonged episode of HI with primary cerebral energy failure (the 'primary phase' of injury, Fig. 1 ), even after surprising severe insults, 8, 9 many cells show initial partial or complete recovery (in a 'latent' phase). However, this recovery is only transient, and may be followed by deterioration secondarily, with failure of oxidative metabolism (the 'secondary phase' of injury). This failure is associated with cytotoxic edema, seizures, cerebral hyperperfusion and ultimately cell death. 7 For single, acute insults the secondary phase may start as late as 6-8 h after the end of the insult (Figs 1 and 2 ). 7 Consistent with the experimental pattern, clinical neurodevelopmental outcomes at 1 and 4 years of age are closely correlated with the severity of the secondary failure of oxidative metabolism at 15 h. 10 Although we do not know precisely when injury ceases to be 'treatable', the preponderance of experimental evidence to date suggests that once the secondary deterioration has started, for practical purposes cells are becoming irreversibly injured. 2 Experimental studies of cerebral hypothermia, for example, found that treatment efficacy was progressively lost the longer the initiation of treatment was delayed, and that there was no significant protection if cooling was started after the onset of delayed seizures. 7 Based on these experimental data, clinical trials of hypothermia have required that infants are recruited within 6 h after birth. 4, 6 We also know from experimental studies that hypothermia, at least, is ineffective unless cooling is continued until the end of the secondary phase, well after the latent phase. Although the optimal duration of treatment is still unclear, cooling typically seems to need to be continued for at least 48-72 h for sustained neuroprotection. 7 This suggests that whereas cellular stabilization may occur in the latent phase, true repair occurs over longer periods of time.
Why is treatment within 6 h after birth not always effective?
In real life, unlike the in laboratory, insults are not always clearly defined. First, injury may begin many hours before birth, 11 and often involves repeated or prolonged exposure to asphyxia. 12, 13 Thus, injury may already be evolving at the time of birth, leading to a very short or even no latent phase for hypothermia to be of benefit. Finally, to confuse the picture further, some infants go into labor already injured from an insult much earlier in gestation. 14, 15 However, the majority of cases of acute HI encephalopthy are associated with acute cerebral injury, and therefore are at least potentially treatable. 16 Further, the duration of the latent phase is modulated by the severity of the insult, such that the more severe the insult, the shorter the injury, the faster the transition to irreversible death and the shorter the potential window of opportunity for treatment. 8, 9, 17 Indeed, some cells are so injured that they will never fully restore mitochondrial function. 18 Thus, although we cannot yet define this group specifically, in principle there must be a cohort of infants are who are too severe to treat.
Has an infant been exposed to an HI insult?
The most 'classic' biomarkers are those for exposure to HI. Exposure to HI around the time of birth may be inferred from some combination of the presence of non-reassuring fetal heart changes, an oxygen debt (increased base deficit and blood lactate values) on cord blood gases, and need for resuscitation (i.e. Apgar score), all of which are easily and routinely documented. 4, 6, 11 Unfortunately, non-reassuring heart rate changes are well known to have a very low positive predictive value for neural injury. 19 For example, Murray et al. have shown that among infants who develop encephalopathy after birth, those with initially normal fetal heart rate tracings followed by acute 'sentinel' events before birth did develop more severe encephalopathy than infants with other patterns such as a progressive deterioration in heart rate pattern -but only a minority (11.5%) of infants with encephalopathy showed this pattern. 20 Total oxygen debt, including base deficit (BD) and fetal lactate concentrations, should be a direct measure of anaerobic metabolism. In practice, they show a rather broad, imprecise relationship with neonatal encephalopathy. For example, profound acidosis (BD >18 mmol/L at 30 min of life) was associated with moderate-severe encephalopathy in nearly 80% of patients, 21 and no cases occurred with BD <10-12 mmol/L. 21, 22 Between these extremes, however, outcomes are rather variable. Low et al., for example, found that fewer than half of babies born with cord blood BD >16 mmol/L (and pH <7.0) developed significant encephalopathy, and that encephalopathy still occurred, although at low frequency (~10% of cases), in cases with moderate metabolic acidosis of between 12 and 16 mmol/L. 22 Thus, infants at either extreme are correctly identified with reasonable precision (i.e. no versus severe HIE), but not the intermediate group.
These findings denote that while exposure to lack of oxygen is necessary to cause injury, it is not sufficient. The healthy fetus has a remarkable ability to adapt to profound and often prolonged asphyxia, and to frequently tolerate such insults without injury. 2, 23 This is in large part due to the far greater anerobic neural and cardiac tolerance of the fetus of all mammalian species studied compared with adults, 24, 25 coupled with the ability to mount a timely and coordinated cardiovascular and metabolic defense to hypoxia. 2, 26 Thus, both physiological adaptation which allowed the fetus to survive uninjured, and failure of that adaptation that ultimately leads to injury, may be accompanied by a substantial oxygen debt. 11 The need for resuscitation at birth is bedeviled by similar limitations. The National Institute of Child Health and Human Development (NICHD) Neonatal Research Network hypothermia trial has reported recently demonstrated, for example, that severely depressed Apgar scores (scores of 0-2) at 10 min of age can identify infants at high risk (76-82%) of disability or death well before more specific evaluations are available for infants with HIE. 27 However, only 27% of infants who were recruited to the NICHD trial with moderate or severe HIE had Apgar scores of 0-2.
Possible biochemical markers
During and after exposure to HI, a variety of biochemical markers are elevated in body fluids, are reasonably easy to access, and to measure. 28 Given that many are activated within the brain by hypoxia, a number have been suggested to be useful as sentinel biomarkers for HIE, including S100B, neuron-specific enolase (NSE), activin A, adrenomedullin, and interleukin (IL)-1β, and IL-6. 28, 29 All of these biochemical candidates are induced after hypoxia. However, it is important to note that they can be elevated in other settings. S100B levels, for example, are markedly increased by intrauterine growth restriction or chronic hypoxia, 30 are is common during recovery from HI), 31 perinatal infection/inflammation, central and peripheral hypoperfusion (which are is common during recovery from HI), 31 perinatal infection/ inflammation, 32, 33 traumatic delivery, 34 pre-existing neural injury, 35 treatments such as prenatal maternal glucocorticoids and anesthetics, 36, 37 and preterm gestational age, 38 as well as being affected by the sex of the infant. 36, 37, 39 Further, the brain does not appear to be the only source for S100B and NSE, for example, which may be released from a variety of tissues, including the umbilical cord and placenta. 40 In a recent meta-analysis serum IL-1β and IL-6, and cerebrospinal fluid IL-1β and NSE measured before 96 h of age were significant predictive of long term neurodevelopmental outcome. 29 In single studies, urine lactate, first urine 100B, cord blood IL6, serum non-proteinbound iron, serum CD14 cell, nuclear factor-κβ, serum IL-8, and serum ionized calcium also appeared to predict death or abnormal outcomes. 29 Several key limitations need to be kept in mind. First, there have been few long term follow-up studies (>12 months of age) to assess neurodevelopmental disablity. 29 This is a particular concern for infants with moderate (stage II) encephalopathy who have variable outcomes. 6 Many studies used birth asphyxia criteria (Apgar scores or pH and lactate), or neurodevelopment at one week using the Sarnat and Sarnat assessment scale, 41 all of which have limited discrimination for long term outcome. 42 This is not a theoretical concern; Nadgyman et al. demonstrated that S100B and creatine kinase (CK-BB) measured at 2 h after birth correlated well with HIE indices at birth, 43 but subsequently found that there was no significant correlation with neurodevelopmental outcome at age 20 months. 44 Second, a delay of up to 96 h before samples are taken is not meaningful for selection of infants with encephalopathy. The majority of studies of biochemical markers have been based on samples taken after 24 h, i.e. well after the latent phase. Even when early samples were taken, the apparent time course has been rather variable. For example, Nadyman et al. reported that S100B, an astroglial protein that leaks from damaged cells, peaked by 2-6 h after birth asphyxia. 43 By contrast, others reported that levels remained elevated for 1-2 days. [45] [46] [47] Bashir et al. reported that S100B levels in urine were elevated at the first measurement at 4 h, and that levels reached a plateau at 12 h, which was sustained for the following week. 48 There are similar data in preterm infants in whom serum levels were elevated at 3 h in all infants including those with mild HIE; values stayed relatively constant in the mild group, but increased over time in the severe group. 49 In experimental studies in fetal sheep, moderate hypoxia, which does not cause injury, significantly elevates S100B, and these values are sustained for an hour after the insult. 50 By contrast, after asphyxia that produced mild, moderate or severe brain injury, there were no early changes, and elevated levels were found only in two fetuses with moderate and severe changes at 24 h after the insult. 51 Collectively, these studies suggest that S100B is actually a marker of impaired oxidative metabolism whether in the primary or secondary phases rather than of the latent phase. Thus, elevated levels late in recovery may provide good prediction of adverse outcomes. This interpretation is consistent with studies of traumatic brain injury in older children. 52, 53 Finally, whereas many of the biochemical markers do appear to distinguish between no or mild injury and severe injury, 29 it is not clear that they are any better at predicting outcome for infants with stage II encephalopathy (moderate-severe) than either acid-base values or indeed just knowing the severity of encephalopathy. In many of these studies, there was considerable overlap in values between groups, and babies could have low levels yet have adverse outcomes and vice versa. Further experimental studies are needed to relate time course changes to the evolution of injury and to final outcome before we can conclude that any of these parameters can improve prediction of evolving injury in a timely manner.
Electrophysiology: electroencephalography
Like blood sampling, the EEG can be readily measured at the bedside. As reviewed in detail by M. Thoresen in the present volume, there is evidence that the combination of EEG amplitude or pattern assessment with clinical assessment of neurological abnormalities may improve specificity for adverse outcome. 54 Of particular promise, in the CoolCap trial, infants with the most severe EEG changes as shown by the combination of seizures and severe suppression of background activity at the time of recruitment did not appear to improve after cooling. 6 This finding has not yet been replicated, and we must note that the mean incidence of adverse outcome (death or disability at 18 months of age) in infants treated with standard therapy in the CoolCap and TOBY trials of therapeutic hypothermia, which required evidence of moderate-severe suppression of EEG amplitude in the first 6 h of life as part of the recruitment criteria, 6, 55 was comparable to that in the NICHD trial that used only clinical criteria. 4 This disappointing outcome most likely reflects experimental and clinical data suggesting that severe suppression of EEG activity in the first 6 h after HI can occur both in subjects with good and bad outcomes. [56] [57] [58] In fetal sheep, for example, EEG amplitude was suppressed in the first 6 h after asphyxia induced by complete umbilical cord occlusion, regardless of neural outcomes (normal or severely injured) (Fig. 3) . 58 Both groups then showed a progressive improvement in EEG amplitude, but for different reasons. In the fetuses who sustained no injury, EEG returned to normal baseline values. In the fetuses who developed severe brain injury, the EEG remained highly abnormal, but mean amplitude increased prior to the onset of frank electrographic and clinical seizures.
Thus, suppression of EEG activity alone is insufficient to discriminate between injured and uninjured brain. This is likely to reflect a balance between injury-induced impairment of brain function associated with severe damage and active suppression of brain activity by increased release of neuroinhibitors such as neurosteroids and noradrenaline after moderate insults that helps to improve recovery. 59, 60 Intriguingly, in the early recovery phase after severe asphyxia in preterm fetal sheep, there was a transient increase in the frequency of EEG activity despite sustained suppression of amplitude (Fig. 3) (George, 58 #1500). This rise was associated with a small fall in relative cerebral oxygenation measured with near-infrared spectroscopy, 61 and a modest increase in cytochrome oxidase activity similar to that seen during hypoxia, 62 consistent with a genuine although small relative increase in brain activity and metabolism. The continuous EEG showed marked EEG transient activity superimposed on a profoundly suppressed background. 58, 63 This abnormal EEG activity is epileptiform in nature; not the stereotypic evolving seizures seen during the secondary phase of recovery, but rather subtle discrete, fast, sharp, and slow wave spikes; typically high frequency, low amplitude events occurring <400 ms (Fig. 3) . 64 Their incidence is greatest in the latent phase, 63, [65] [66] [67] [68] and in several studies correlated closely with the severity of neuronal loss in the hippocampus and basal ganglia. 58, 66, 67 In the human newborn epileptiform transients are also documented, but not fully characterized. In preterm infants similar fast epileptiform EEG transients are wellrecognized 69, 70 , and high levels of these transients are associated with adverse neurodevelopmental outcomes. [69] [70] [71] [72] It is not yet clear whether these transient events are a manifestation of injury or a cause. The finding that suppression of these events is associated with improved outcomes, 63, 66 despite augmenting them, is associated with increased injury. 67 This supports the hypothesis that epileptiform transients are a manifestation of post-hypoxic hyperexcitability of the glutamate receptor, as occurs in immature rodents. 73, 74 Similarly, in adult models peri-infarct depolarising waves (spreading depression waves) develop after ischemia, and can contribute to expansion of injury by increasing the workload of stressed cells. 75 The increasing energy imbalance hastens the failure of the energy status of sick cells, and consequent impairment of cellular homeostasis, ATP production and initiation of cell death processes (secondary energy failure). 76 These exciting findings raise the possibility that frequent epileptiform transient activity may be a biomarker of evolving injury in the early recovery phase. This possibility needs to be assessed in focused clinical studies to determine whether these or other features of the EEG are present at all gestational ages after asphyxia, or only in premature infants. If they are, then further evaluation is needed to determine their prognostic reliability in comparison with traditional EEG measures. Finally, we note that other features of the EEG may also have prognostic value. For example, variation of the power spectrum, 77 evaluation of non-linear quantitative EEG measures of frequency, 78 and long-range correlations in sub-band EEG signals by detrended fluctuation analysis (DFA) may be predictive of outcome and the phase of injury. 79 Finally, the diagnostic and prognostic capacity of the EEG may be improved when combined with other markers, such as measures of cerebral oxidative metabolism as discussed below. 80 
Magnetic resonance spectroscopy and near-infrared spectroscopy
Magnetic resonance spectroscopy (MRS) 81 and near-infrared spectroscopy (NIRS) 82 can be used to estimate recovery of oxidative metabolism, and thus of mitochondrial function, after birth. MRS is expensive, and few centers at present have this technique available for use within the intensive care unit. Thus in practice its use is hampered by the need to transport sick sedated infants. NIRS can be implemented at the bedside, but provides less direct measures of oxidative metabolism.
[B]Magnetic resonance spectroscopy
Early studies of infants with HIE found that measures of oxidative metabolism such as the ratio of phosphocreatine (PCr) to inorganic phosphate (Pi) fall sharply during HI, are restored during reperfusion and the latent phase, then progressively decline in the secondary phase. 83 The severity of the final fall in oxidative metabolism is highly predictive of neurological outcomes at one year. [84] [85] [86] The central limitation of these findings is that whereas the fall is predictive as early as 6-18 h after birth, 87 it again represents a measure of the secondary deterioration and developing cell death, 88 well after the realistic window of opportunity for treatment.
More recently, Cady et al. 89 reported that in a piglet model of HIE an increase in the ratio between [Pi]/[EPP] (the exchangeable high energy phosphate pool), intracellular pH and intracellular Mg about 2 h after intrapartum HI were associated with severe injury, whereas increased [phosphocreatine]/[EPP] was associated with mild damage. It is unknown whether these parameters predict response to treatment. Nevertheless, these data raise the possibility that in specialist centers ( 31 P) MRS may have potential to help select infants for trials of neuroprotection. 89 
Near-infrared spectroscopy
Cerebral near-infrared spectroscopy (NIRS) monitoring uses light in the near-infrared region of the spectrum, which is absorbed by oxygenated and deoxygenated hemoglobin (total hemoglobin is an index of cerebral blood volume) and cytochrome oxidase (CytOx), which is the terminal complex of the mitochondrial respiratory chain and generator of ATP. 82, 90 NIRS can be used at the bedside and is non-invasive, 91 but has several important limitations. At present, measurements are qualitative, not quantitative (changes are made relative to an arbitrary baseline), and prone to movement artefact. 92 Interpretation of the signals is also an evolving science, particularly with data from new machines which often no longer display independent channels of hemoglobin, but rather present an algorithm weighted average calculation for total oxygen (total oxygen index: TOI) of all vascular beds. 82, 93 Finally, CytOx, one of the most potentially useful measurements for monitoring cerebral oxidative metabolism, is currently no longer available on clinical machines. 93 NIRS has been used to show that during recovery from severe asphyxia there is a brisk restoration of blood volume, oxygenation and oxidative metabolism. 62 In the early recovery after asphyxia, CytOx activity returns to normal. 61 Following this stability in the latent (early) phase, there is progressive loss of CytOx activity, accompanied by a relative reduction in brain oxygenation extraction consistent with mitochondrial failure (Fig. 2) . 61 Unfortunately, these data also suggest that loss of CytOx may not be able to be detected until the secondary deterioration is already in progress. 94 By contrast with mitochondrial failure, suppression of cerebral metabolic rate for oxygen (CMRO 2 ) in the latent phase occurs rapidly after reperfusion. 95 The mechanism and significance of this suppression has been controversial. For example, despite a marked reduction brain blood flow and metabolism, tissue oxygenation may be increased, suggesting active inhibition of brain metabolism. 95 Consistent with this finding, there was evidence from recent studies combining NIRS with MRS in newborn piglets after HI that reduced CMRO 2 reduction in the latent phase was mediated by a mixture of impaired mitochondrial function and reduced energy demand. 96 Whereas suppression of CMRO 2 and of EEG amplitude both correlated with duration of cerebral ischemia, the reduction in CMRO 2 was more sensitive to milder injuries. 80 Thus, the combination of EEG and NIRS monitoring may improve early detection of injury.
Conclusions
The purpose of this review has been to highlight the key attributes needed for any measure or combination of measures to aid in the selection of infants for treatment. Biomarkers should be able to tell us whether an infant needs treatment and, if so, whether brain cells can still be saved; are we in time to treat? This overview of the literature shows that at present none of the proposed biomarkers has been established to be clearly better than the clinical evaluation of HIE. Many of these biomarkers show good correlations with outcomes well after the onset of secondary deterioration, at relatively late time points (e.g. 12 or 24 h or later) and so are of little use for determining whether an infant should be treated. There is a strong need both for detailed studies of the time courses of potential measures after HI, and for studies that discriminate between the effects of exposure to asphyxia per se and neural injury. We speculate that a combination of multiple bedside measures may be needed to detect the critical transition from reversible to irreversible injury and thus allow us to reliably detect infants who are likely to benefit from treatment, at an early enough time that their brain cells can still be saved.
Practice points
• None of the proposed biomarkers discussed here has yet been established to be clearly better than clinical evaluation of HIE for recruitment of infants at risk of adverse outcomes.
• Many putative biomarkers show a good correlation with outcome, but only after the onset of the secondary deterioration (e.g. 12 or 24 h or even later). In practice this means that they are not useful for determining whether an infant should be treated, although some MRI and MRI parameters are likely to be useful surrogates for neurodevelopmental outcome.
• Many proposed biomarkers are strongly associated with adverse outcome after severe HI injury compared with mild or no injury, but are not reliably predictive for outcome after moderate injury.
Research directions
• The early and late time-courses of potential biomarkers after HI are still poorly understood.
• It is critical to distinguish between the effects of exposure to hypoxia/asphyxia per se and neural injury.
• Further long term neurological follow-up of clinical studies and of histopathology findings in experimental studies is vital to validate any apparent short-term predictive benefit of proposed biomarkers.
• There is emerging evidence that epileptiform transients in the early recovery phase may be a true biomarker for evolving injury in the latent phase. Clinical and experimental validation is now critical.
• Combinations of biomarkers such as NIRS and EEG monitoring may provide complementary parameters that could used to detect the critical transition from reversible to irreversible injury after HI injury. Illustration of the pathophysiological phases of injury after 30 min of global cerebral ischemia in fetal sheep; data derived from Gunn et al. 97 The phases of injury include the immediate reperfusion period lasting about 30 min, during which cellular energy metabolism is restored, with resolution of the acute hypoxic depolarization and cell swelling. This is followed by a latent phase starting about 30-45 min after reperfusion, lasting for up to 6-15 h, in which oxidative cerebral energy metabolism normalizes but electroencephalogram (EEG) activity remains depressed, often with a delayed period of reduced cerebral blood flow. The 'latent' phase appears to correspond with the practical window of opportunity for effective neuroprotection. Following the latent phase there is secondary deterioration with delayed seizures and cytotoxic edema as shown by increased tissue impedance, increased blood flow, extracellular accumulation of potential cytotoxins (such as the excitatory neurotransmitters), and about 6-15 h after the asphyxia, failure of oxidative metabolism and damage. 7 The acute changes in this phase may take 3 days or more to resolve. Evidence of delayed mitochondrial dysfunction after severe hypoxia/ischemia in preterm fetal sheep: time sequence of concentration changes in fetal cytochrome oxidase (CytOx) measured by near-infrared spectroscopy before and after asphyxia induced by 25 min of umbilical cord occlusion (•, n = 7) or sham occlusion (○, n = 7) in preterm fetal sheep. Occlusion data not shown. Data are mean ± SEM hourly averages; derived from Bennet et al. 61 [Typesetter: Fig. 2 : delete heading above graph. Red arrows: change to black.] 
